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The interferences coupled in reach the susceptible electronics 
via the equipment cases and the interfaces between the units 
such as cabling, shielding and grounding. The interferences 
coming from other system equipment (internal EMC) also act 

on the above. In the main instance, the cabling, shielding 

and grounding act as the coupling. Fig.16 indicates the indi- 
vidual protective measures which are of relevance here. In 
this connection it is of importance that most of the measures 
are suitable with respect to lightning protection and external 


EMC as well as to ensuring internal EMC. 


In order to ensure the compatibility of an electronics 
component in the system in all circumstances, the sum of all 
protective measures must ensure adequate decoupling between 


the interference signal occurring and the susceptibility. 


Realization of the protective measures 
for MBB's wind energy systems 


MBB's systems will in the following section be taken to 
illustrate how the above-mentioned protective measures can be 


transformed in practice. 


A) Shielding due to the system structure 


Large electrical and magnetic fields can be expected for the 
nacelle of the wind energy system (greatest vicinity to the 


rotor blade, discharging lightning currents). It is made of 


steel plate and thus exhibits extremely good attenuation. 


The containers are made of aluminium sheet, but not with 
special reference to electrical attenuation. They are 

absolutely adequate for attenuating the electrical fields 
(Fig.15), for large magnetic fields are no longer antici- 


pated due to the distance from the wind energy generator. 
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"Environmental and Safety Aspects of the present LS/WECS" 
IEA-Impiementing Agreement for Co-operation in the Development 


of LS/WECS. 5. Expert Meeting 25./26.September Munich 1980 


Rotational speed control by direct mechanical means. 


by 


+ 


F.X.Wortmann and S.Mickeler 


The rotational speed is also for a wind turbine a basic 
safety problem. The rated wind velocity of a windturbine is usually 
very low compared with stormy conditions. Therefore the speed 
governor,if it is considered as a safety device, should be capable 
to handle even the extreme wind velocities, independent of any 
cut-off boundaries. In the following some measurements will be 
reported with a rotor model (see Fig.1) which is controlled by 


a direct mechanical speed governor within a windvelocity range 


between one anda fivetimes the rated wind velocity. 


The direct mechanical control seems to be attractive due tc its 
inherent reliability. The necessary masses for the fly-ball regu- 


lator are in the range of 5-10 $ of the blade masses. 


In order to hold the rotational speed constant the blade pitch 
angle may be changed by three different mechanical moments: 
the aerodynamic pitching moment of the blade 
the inertia moment of the blade (propeller moment) and/or 


the centrifugal moment of a classical speed governor. 


The aerodynamic moment counterbalanced by a spring was not consi- 
dered here as a unequivocal possibility to control the rotational 
speed. It depends not only on the dynamic head of the relative 


wind velocity because the pitch axis is not alwavs in the neutral 


" ‘ 
~ 
) 
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axis of the blade (e.g. due to different flapwise bending moments). 
The blade load then comes into play and it is hard to see that this 


method will work in a wide range of wind velocities and variable 
blade loads. 


The propeller moment of the rotor has often been used as a speed 
governor working against a linear Spring. Because the blade masses 
alone have the tendency to increase the rotational speed additional 
masses in form of a dumb-bell are usually added to correct the 
situation. (See Fig.2). This configuration has the advantage of 
simplicity. There is no influence of gravity and no additional 
bearings are necessary. On the other hand the controlling moments 
are small at small deviation angles Y (see Fig.2) and in Fig.3 it 
can be seen that the linear increase of the pitch moment is restic- 


ted to deviation angles below 30°. 


Fig.3 compares the propeller moment and a linear Spring moment for 
two different springs. At ἧς, у] there exist different static equi- 
librium points, yielding a control function typical for a propor- 
tional regulator. Only in the range between 12< f < 20° +һе 

moment of the spring 5 is nearly tangential to the propeller moment. 
In this small range the regulator has the so called integral or 
astatic behaviour: the “sensitivity” becomes very large and the 


rotational speed will be held constant. 


Such a control device was tested with a small single bladed rotor 
model, with a diameter of 1,7 m. Because tae wind tunnel can pro- 
duce only 10 m/s as maximum velocity, the rated wind velocity νο was 
set at 2 m/s. At this wind velocity the rotational speed is 


2,9 rev/s and for higher speeds the regulator begins to act. 


Fig.4 shows the static behaviour of the rotational speed for diffe- 
rent wind velocities above the design speed. It should be mentioned 
that the spring S which yields constant Sl between 1 < š < 1,5,needs 
always a damper, otherwise the system is dynamically not stable. 
Due to the nonlinear behaviour of the propeller moment this type 
of regulator seems not to be able to hold the rotational speed con- 


stant over a wide range of wind velocities. 
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sibility to control the blade pitch is by the classi- 
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I. INTRODUCTION 


The design of the GROWIAN large wind energy plant is dictated to a 
considerable extent by safety considerations, and in view of the 

fact that there have been no binding safety specifications so far 

for such plants, the designer is often faced with difficult decisions 
when determining design features and systems. Compromises are in- 
evitable and these must on the one hand guarantee the necessary 

margin of safety, but on the other avoid making the plant uneconomic 
from the start by designing it too big or overloading it with redundant 
systems. 


The following comments are an attempt to provide a survey of the most 
fundamental safety measures in the specific case of the GROWIAN system. 


Two aspects come particularly to the fore: 


- safety at the structure design 


- the functional safety system which is to prevent the overspeed 
of the rotor or its retardation in emergencies. 


The safety concept of GROWIAN is based primarily on the reliability 
of the underlying assumptions and design arguments in these two areas. 


II. SAFETY CONSIDERATIONS IN THE STRUCTURE DESIGN 


The first condition for the safe operation of a wind energy plant is 


that the basic components of the structure should be sufficiently strong. 
The most important group of problems to confront the designer in this 
connection are the "definition" of the correct load cases together with 
the stresses resulting from these, and the availability of reliable 


constructing standards when he determines the allowable material stresses 


in order to correctly dimension the structure. 
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1. Load Cases 





Of those loads to which the wind energy plant is exposed, by far the 





most important are naturally those resulting from the wind itself. 


From the aspect of safety, two questions must be asked: 


- Is the case of maximum load from wind, which can be expected on 
occasions over the service life of the plant, covered by ‘he „зз τον». 
calculated examples of loads, so that the possibility of 


abrupt failure can be eliminated? 


Normal Operation with windspeeds-of 6 - 24 m/s 
8 


- Do the loads beneath the maximum load occur with the statistically 


correct frequency so that fatigue breaks will be avoided? | | load cycles up to 10 


These are, in the first instance, questions for the meteorologist, but 
to extract from these real and very complex load situations manageable 
idealised "load cases" and to define them clearly presents a problem Gusts with wind speeds up to 40 m/s 
that can in no way be solved from the meteorological aspect alone. 4 





load cycles 50 - 10 
Rather, the reaction of the rotor to the real loads from the wind is 


an engineering problem, the solution of which has at least as great 
an influence on the definition of the correct load cases as the 
meteorological conditions. The discussion of the load cases on the 
basis of which GROWIAN was designed would bear no relation whatsoever 
to the framework described here. Table 1 therefore is designed to 


Locked rotor with wind speeds up to 60 m/s 


give only a qualitative impression of the kind of load cases on which 


the structure design is based. | 
Rotor braking procedures 


(with simultaneous wind gusts) 





2. Applice 21е constructing standards 





The specifications on which construction is based have a decisive 
importance as they determine the safety of the construction elements. 


In these specifications, the allowable stress values for the material 
and the connecting elements (particularly those relating to welds) 
are determined dependently of the kind of stress occurring. 


One soon discovers that there have been no specific agreements so far 
relating to wind energy plants, which means that there is a very 
large area within which the designer is called upon to use his 
judgement as to which of the available DIN or other specifications 


(e.g. from aircrafts) he should use as a guide for nis designs. 


Table 2 contains a list of constructing standards which were used as 
a basis for the dimensioning of steel components for GROWIAN, 
particularly for the steel spar of the rotor biades. Most use was 


made of the crane constructing standard DIN 15018. 





Tab. 2 





Applicable Constructing 


DIN 15018 


"Kranbau-Normen" (Basis) 


DIN 4100 


“GeschweiBte Stahlbauten" 


DIN 4133 


“Schornsteine aus Stahl" 


DV 848 (Deutsche Bundesbahn) 
"Vorschriften für geschweiBte 


Eisenbahnbriucken"™ 


Standards 


111. FUNCTIONAL SAFETY SYSTEMS 


1. Speed-reducing procedures for the rotor 





In addition to the safety considerations with respect to the structural 
components in a complex system such as a large wind energy plant, 
questions of safety arise which concern the actual operation of the 
plant. 


Among the many safety systems which concern the plant's operation, 
the most important is that preventing the overspeed of the rotor, which 
can cause uncontrolled power output and overload of the plant. 


In the case of GROWIAN, the maximum rotor speed is restricted to 
1.3 times the nominal rotational speed. 


In normal operation, a further increase in rotational speed is prevented 
by the power control system, i.e. by regulating the rotor blade pitch 
angle. 


In view of the fact that there would be dangerous results if the 
maximum permissible speed were exceeded to any considerable degree, 
it must be absolutely certain that this restriction of speed is 
guaranteed even if one of the many conceivable defects should occur. 


Various safety systems are available for this purpose which, in one 

way or another, guarantee that the rotor speed will be reduced depen- 
dently of the degree of danger and of the kind of defect. Table 3 

gives a summary of the planned speed-reducing procedures for the rotor. 
Fig. 1 shows the course of those procedures through time. 


Tab. 3 





Speed 
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by 


р1 





135 








2. Hydraulic emergency cut-off system C 


The hydraulic emergency cut-off system is the most important of the 
safety systems designed to reduce the rotor speed. This mechanism 

is designed this way that, if the electrical supply fails completely, 
an additional hydraulic system is activated automatically to set 

the blade pitch angle. This system turns the rotor blades 





ducing Procedures for the Rotor 











to the feathering position and thus, together with the existing 


rmal Shutdown Procedure mechanical motor brake (Fig. 2), brings the rotor to a stop. 





The basic functioning of this system is shown in Figs. 3 and 4. 


| gus: 


the electrical blade pitch motor; 








tch rate controlled by computer 
In this, hydraulic cylinders fed from a high pressure vessel are 
arranged parallel to the blade pitch spindle. These cylinders can 


displace the whole pitch mechanism (drive motor, spindle and crosshead) 
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which has a slide bearing, in such а way that this movement becomes 
one in which the blades are set in the feathering position. 














fety Shutdown Procedure 














ailure in the computer or control system) 








This procedure triggered by a valve is intended to be doubly redundant. 








On the one hand, as already mentioned, because the current is cut off 








ade feathering by electrical blade pitch motor with 











when overspeed reaches approx. 1.17 x the nominal speed, and on the 
other because Of a mechanical centrifugal-force mechanism operating 





nstant pitch rate of 4 deg/sec. 








1.2пһм (Velie 9s,1 Xs) 





at 1.2 x the nominal speed. 








An alternative to the hydraulic emergency cut-off system is to be found 
in a mechanism which uses the rotation or the rotors to turn the blades 
into the feathering position. This, in principle simple, solution would 
have led, however, to unjustifiably high design cost$ when applied to 


the large dimensions of the GROWIAN pendulum hub. This idea was there- | | ; | = 
& ‚} | à v2 
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Abb. 2: GROWIAN-Nacelle 
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Abb. 3: Teetering Hub with blade pitch control mechanisr 
hydraulic emergency blade feathering system 
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Abb. 4: Functional Diagram of Bladepitch Control System and Hydraulic Emergency 





Shut-down Mechanism 


IV. CONCLUDING REMARKS 


The vwo most important aspects with respect to the evaluation of 
safety in the operation of the GROWIAN large wind energy plant 
have been discussed. It goes without saying that further consi- 
derations and measures must be taken into account to give a truly 


comprehensive safety philosophy. 


In the continuing development of GROWIAN, therefore, the next 
necessary Step to be taken will have to be a complete "Failure 


Mode and Effect Analysis" from safety and environmental aspects. 
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INTRODUCTION 


The operation of large wind turbines such as the one shown in 
Figure 1 may become commonplace in the future as an alternate source 
of energy (refs. 1 and 2). Because of particular constraints regarding 
their locations and schedules for efficient operation, there is concern 
for adverse community impact due to noise. 


Since the rotor-support tower configuration can in some cases be a 
dominant factor in noise generation, the current study was performed to 
evaluate the potential noise problems of configurations in which the rotor 
15 located downwind of the support tower. In such configurations, the tower 
Structure can interfere with the inflow to the rotor and can thus result in 
a non-uniform circumferential disk loading. In order to evaluate such an 
effect, application was made of a recently documented computer program for 
the calculation of noise from advanced propellers ‘ref. 3). This program 
which 1s based on a numerical technique for implementing the theory of 
reterence 4, produces results in both the time and frequency domain and is 
applicable to noise prediction from large distributed sources such as a 
propeller disk over which the aerodynamic loading is a variable. 


The purpose of this paper is to present the results of noise calculations 
for which the loading around the circumference of the rotor disk varied in 
a manner simulating two types of tower wake deficiencies and to compare these 
results with similar noise calculations for a uniform disk loading case. 


APPARATUS AND METHODS 


some of the specifications of the example wind turbine for which 
calculated noise data are presented are given in Table I. It is a 2000 KW 
capacity machine which consists of a two-blade 61 meter (200 ft.) diameter 
rotor mounted on a 42.7 meter (140 ft.) truss type tower. The rotor is 
mounted so that the inflow first encounters the tower structure, and then 
enters the rotor disk. The blades are linearly tapered in chord, are 
twisted along the span, and operate with variable pitch to control the rotor 
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speed at 35 rpm. The estimated steady loading patterns along the blade 
chord and span which were used for all calculations are shown in Figure 2. 
The circumferential load distributions for the rated turbine output power 
were approximated in two ways for the cases where the inflow to the rotor 
disk was interrupted by the support tower wake and are shown in Figure 3, 
b and c. A uniform circumferential load distribution was assumed for the 
baseline cases without tower wake (fig. 3a). 


Radiated Noise Calculations 


Noise calculations for far field conditions around the wind turbine 
have been made by means of a modified version of the Farassat/Nystrom 
propeller noise prediction program described in Reference 3. The program 
properly accounts for the significant geometry features of the rotor, its 
operating conditions, and the non-uniform distribution of aerodynamic loading 
over the rotor disk. It is particularly useful for the studies of this paper 
which were made for the evaluation of the effects of ingestion by the rotor 
of the tower wake which contains velocity deficiencies. 


RESULTS AND DISCUSSION 


Calculations were made for field points 1,000 meters distant and for 
a range of azimuth angles in a plane 300 meters below the hub of the wind 
turbine (see fig. 4) wnich is assumed to be located on a hill. Instantaneous 
acoustic pressure time history, frequency spectra, and directivity information 
were calculated and are summarized in data Figures 5-7. 


[nstantaneous Pressure Time Histories 


Figure 5 presents the calculated pressure time history at the 
a = 0° location and for three operating conditions, namely: the case for 
uniform inflow to the disk for which there is no tower strut interference, 
and then two cases for different tower strut interference models. The 
associated pressure time histories for one blade passage for each case are 
shown. For the uniform inflow case (fig. 5a), the blade passage pulse is 
minimal and cannot be observed when plotted at this scale. For the single 
loading notch case (fig. 5b), the calculated signature has negative and 
positive peaks separated in time by an amount related to the width of the 
notch. Likewise, the peak amplitudes are related to the depth of the notch. 
On the other hand, the bottom trace (fig 5c), resulted from an assumed double 
notch inflow pattern which would represent the flow around the large corner 
members of the truss structure. The resulting time history pattern resembles 
some that have been observed for large wind turbines and there is thus reason 
to conclude that the bottom loading pattern is representative of the loading 
in the example installation. 


Frequency Spectra 
The corresponding freauency spectra calculations are shown in Figure 6. 


Computations were carried out for the first 50 harmonics of the blade passage 
frequency and the results are shown for each of the circumferential] loading 
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conditions of Figure 3. The most obvious result is that the spectrum for 

the uniform inflow case (blocked-in circle symbol) contains only a single 
harmonic of significant amplitude; all others being off scale at the bottom. 
The notched loading cases on the other hand both produce significantly higher 
fundamental components and in addition there are many strong harmonics in the 
frequency range up to at least 60 Hz. This result suggests that a configura- 
tion for which the tower interference is minimized would have markedly more 
favorable noise characteristics. A comparison of the two spectra for the 
notched loadings reveal no significant differences due to notch details. 

Thus it may be concluded that the presence of flow deficiencies is a major 
function in the noise produced, whereas the details of such deficiencies 

may be of only secondary importance. 


Directivity Pattern 


In order to define some of the directivity characteristics of the 
wind turbine noise, a series of calculations were made for the double 
notched loading condition and over the range of azimuth angles indicated 
in Figure 4. These far field noise results are shown for comparison in 
Figure 7. Calculated spectra are presented at three different azimuth 
angles along with the associated overall noise levels. For the case in- 
dicated the overall levels vary from 72.9 dB at the 0? location and 70.2 dB 
at the 45" location down to 59.7 dB at 90?. The relatively high levels that 
are indicated down wind and near the axis of rotation result at least in 
part from the assumed asymmetric loading. A comparison of the associated 
spectra indicate that the levels of the lowest order harmonics are comparable 
and that the differences in the overall leve!s results mainly from differences 
in the levels of the higher harmonics. 


CONCLUDING REMARKS 


Computations by the Farassat/Nystrom method indicate that for the 
uniform inflow case, a large wind turbine generated relatively low noise 
levels and the first rotational harmonic dominated the spectrum. On the 
other hand, cases incorporating wake flow deficiencies from the upstream 
support tower structure indicate substantially increased noise levels for 
all harmonics; the greatest increases being associated with the higher 
harmonics. 
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Distributions for Wind Turbine Rotor Blades 
Figure 3.- Assumed Circumferential Load Distributions Around the 
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Figure 4.- Coordinate System for Far Field Noise Calculations 
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Figure 5.- Calculated Far Field Noise Time Histories For Three 
Different Blade Loading Patterns. a = 0°, 
Distance = 1,000m 
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AN EXPLORATORY SURVEY OF NOISE LEVELS ASSOCIATED 
WITH A 100 kW WIND TURBINE 
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ABSTRACT 


ing performance tests of a 125-foot diameter, 100 kW wind turbine at 
. Plum Brook Station near Sandusky, Ohio, the opportunity arose to 
loratory noise measurements and results of those surveys are pre- 
The data include measurements as functions of distance from the 
and directivity angle, and cover a frequency range from 1 Hz to 
kHz. Potential community impact is discussed in terms of A-weighted 
vels relative to background levels, and the infrasonic spectral con- 
inally, the change in the sound power spectrum associated with a 
n the rotor speed is described. The acoustic impact of this size 
bine is judged to be minimal. 


INTRODUCTION 


d turbines have recently attracted considerable interest as a way of 
ng additional electricity, while avoiding the adverse environmental 
haracteristic of conventional power plants. These wind turbines, 
have their own potentially adverse impact on the environment, that 
cing noise. In respone to future needs, there is likely to be an 
ng use of wind turbines in both larger and more numerous installa- 
Experience with small wind turbines such as used on farms, indicates 
noise level of these devices is rather low. For larger installa- 
signed for utility use, this may not be true. the evaluation of the 
wind turbine environmental impact is difficult at present since 
mall amount of information is available about the level and propaga- 
wind turbine sound (ref. 1). To predict the sound levels of future 
bine designs, information describing wind turbine acoustic charact- 
is required. This paper presents data and an analysis of the noise 
ed with a 100 kW wind turbine. 


EXPERIMENTAL APPARATUS AND PROC: HIRE 
Wind Turbine 


determine wind turbine acoustic c.iaracteristics, exploratory meas- 
were made on a 38 m (125 ft) diameter, 100 kW wind turbine (ref. 
ted at NASA's Plum Brook Station near Sandusky, Ohio. For several 
is facility has been used to evaluate the operating characteristics 
ber of wind turbine configurations. Figures 1 and 2 present views 
wo configurations in which the wind turbine was operated during two 
f acoustic field surveys. 


The first series is associated with the installation shown in figure 1, 
which used full span airfoil blades. For this test series, the wind turbine 
was operated at 40 rpm, and with the wind available during the test period, 
generated 30-40 kW. The second test series is associated with the instal- 
lation shown in figure 2, which used part span airfoil blades. For this 
test series, the wind turbine was operated at 33 and 26 rpm, and with the 
winds available on the two test days it generated abut 60 kW. Regardless of 
the choice of rotor rpm, by means of a variable gear ratio, the wind turbine 
generator speed was controlled to generate power at 60 Hz. During both test 
series, the wind turbine was oriented with the blades downwind of the sup- 
port tower. 


Records of operating conditions from the first test series are shown in 
figure 3. These records are typical of both test series. Wind speed and 
direction changed significantly during the testing, making the quoted power 
levels only nominal. Figure 3 indicates a wind speed variation of 10-30 
km/hr mph over a few minutes, and wind direction variation of about 400. 

The corresponding power level varied approximately from 0 to 100 kW design 
value. 


Acoustic Measurements 


For the first serie» of acoustic tests, the microphones used to measure 
the wind turbine noise were located as shown in figure 4. The instrumenta- 
tion associated with these microphones was mounted in a small van located as 
shown in this figure. Two microphones were used, Bruel ἃ Kjaer models 4133 
of 1.2 cm (0.5 in) diameter a... 4161 of 2.5 cm (l in) diameter. These con- 
denser microphones, both protected by windscreens, had a flat frequency re- 
sponse down to approximately 10 Hz. The low-frequency response corrections 
that were used were not the same for the two instrumentation channels be- 
cause of the differences in sensitivity of the two microphones. The appli- 
cable corrections are listed in table l. These tabular values are cor- 
rections for all equipment errors, and were determined partially by refer- 
ence со manufacturers literature and partially by experimental evaluation of 
these unlis. For this series, as well as the second test serles, the micro- 
phones were located about 1.8 m (6 ft) above ground level. For this first 
test series, the 2.5 cm diameter microphone (Ml in fig. 4) was used as a 
survey microphone at 30, 61 and 122 m (100, 200, and 400 ft) distances at 
about 1209 from the wind turbine's upwind axis. The 1.2 cm diameter mi- 
crophone (M2 in fig. 4) was fixed at 61 m (200 ft) from the wind turbine at 
approximately 409 from the wind turbine upwind axis. These same micro- 
phones were also used to record the ambient noise at these locations for 
comparison with wind turbine sound levels. 


For the second series of acoustic tests the measurement locations were 
as identified in figure 5. For these measurements, two surveys in the azi- 
muthal direction around the wind turbine were made. The first Survey was 
made during operation at 33 rpm, and the second during operation at 26 rpm. 
Additional acoustic instrumentation was available for this test series. 
Consequently four microphones were used to obtain data for the 10 positions 
required. These 10 positions were 61 m (200 ft) from the wind turbine at 
angles from 0° to 180° in 20° increments. The four instrumentation 
channels were scheduled so that one was used for 0°, 60°, and 120°, a 
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second for 209, 809 and 1409, a third for 409, 1009 and 1609, 
and the fourth for 1800. In this test series, only model 4133 1.2 cm (0.5 
in) diameter microphones were used. 


Apparatus inaccuracies, particularly at low frequencies, influence the 
data accuracy. Most acoustic measuring equipment is designed for the audio 
range of 20 Hz to 20 kHz. This equipment (microphones, preamplifiers and 
aaplifiers) consequently has a severely degraded accuracy in the 0.1 .o 20 
Hz infrasonic range. For this program, the decision was made to use con- 
ventional acoustic equipment and to attempt to compensate for the reduced 
frequency response. 


Tn addition to the low frequency inaccuracies, there may also be high 
frequency limits to spectral accuracy. Limitations in the dynamic range of 
tape recorders restrict the amplitude range of data that can be recorded for 
analysis. High frequency amplitude limits occurred because the wind turbine 
high frequency sound levels, when recorded, were comparable to, or iess 
than, those of the tape recorder noise. For this noise survey, the usable 
frequency range was limited to approximately 1-3000 Hz. Figure 6 illus- 
trates the characteristics of the tape recorder noise floor. 


Data Presentation 


The bulk of the acoustic data presented was produced by analyzing the 
recorded data using constant bandwidth filters. The resulting presentation 
is that of sound pressure level as a function of the log of frequency, with 
a nominally 1 Hz (actually about 1.3 Hz) bandwidth. To obtain this fre- 
quency resolution, each data sample was analyzed over 0 - 130 Hz, O - 1300 
Hz and 0 - 13 000 Hz ranges, and then portions of each of the three plotted 
analyses combined to form plots over four decades of frequency, 1-10 000 
Hz. This involved combination of spectra was done in an attempt to maximize 
resolution and normalize spectra to a 1 Hz bandwidth. 


The final sound pressure level figures combine the 1 - 10 Hz decade of 
the first range, 10 - 100 and 100 - 1000 dz decades of the second range, and 
the 1000 - 10 000 Hz decade of the third range. The final resolution was 
made the same as that of the original 10 - 1000 Hz decades. To make the 
levels of the 1 - 10 Hz and 1000 - 10 000 Hz decades compatible with the 10 
- 1000 Hz decades, a change is required. The factor of 10 times the log of 
the ratio of frequency resolutions was used to correct the broadband spec- 
trum levels for the change in display bandwidth. Use of this factor results 
in adding 10 db to the levels of the 1 - 10 Hz portion, and in subtracting 
10 db from the levels of the 1000 - 10 000 Hz decade. The tone levels, when 
initially clearly resolved, are unaffected by analysis bandwidth aad conse- 
quently remain at their original amplitudes. 


Test Limitations 


Several limitations are present in making meaningful and accurate noise 
measurements on wind turbines. One limitation may be simply the relatively 
close microphone locations that were used in comparison with the size of the 
noise source. In general, at distances which are relatively small the sound 
level will not decrease with the inverse square of the distance. If the 
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diameter of the wind turbine, 38 m (125 ft), is used as the size of the 
noise source, then the microphones should be much farther than 38 m (125 ft) 
for the wind turbine to act as point source with the microphone in the 
geometric far field. Another limitation arises from the low frequency 
nature of the wind turbine noise. At the measurement points, the micro- 
phones were less than one wavelength away for frequencies less than 5-10 Hz, 
which have wavelengths of 30-60 m. At frequencies or distances greater than 
this (acoustic far field) the sound pressure characteristics of the wind 
turbine are more fully developed. 


There are other limitations, particularly at low frequencies. As is 
true for most turbomachinery, the highest spectral levels are at the blade 
passage frequency; the wind turbine's low speed of rotation and small number 
of blades result in a blade passage frequency near 1 Hz. Pressure levels at 
these low frequencies could be subject to errors either from wind effects or 
from the equipment limitations previously discussed. The noise or turbu- 
lence due to the wind blowing over obstacles in the vicinity would be ex- 
pected to be predominantly at low frequency. In addition, wind blowing over 
the microphones themselves can create noise at low frequence, and there may 
be aerodynamic pressure fluctuations or pseudo sound generated. Each of 
these wind noise sources may vary in intensity with the wind speed and di- 
rection. 


RESULTS AND DISCUSSION 
First Test Series 


The results of the radial survey of wind turbine noise levels will be 
presented first followed by the results of the azimuthal surveys. 


The radial survey measurements offer potential answers to several ques- 
tions. One question is how much noise is generated by the wind turbine. 
Since the degree to which a wind turbine may affect a community's environ- 
nent is а consideration, the annoyance reponse A-weighting scale was used in 
evaluating sound level. This scale меір! ів most heavily the levels at fre- 
quencies near 1000 Hz for which hearing response is most sensitive. Figure 
7 presents A-weighted sound levels measured by the fixed microphone 61 m 
(200 ft) from the wind turbine. To produce this figure, six data samples, 
approximately 6 minutes long, were recorded and analyzed into several 30 
second averages. The upper three clusters of points result from A-weighting 
the noise of the wind turbine while operating at about a third of its design 
power. The lower three clusters of point result from A-weighting the 
background noise at the same location. At 61 m (200 ft), the wind turbine 
sound level was 60 dBA, with approximately 1 db scatter. At the same 
location, the background level was approximately 48 dBA, with a scatter 
between 2 and 10 db between 30 second periods. For comparison, 50 dBA is 
the sound level in a typical residential area, while 60 dBA is re- 
presentative of levels inside large retail stores. 


Another question of interest about wind turbine noise is how the sound 
level changes with distance. Figure 8 presents the A-weighted sound levels 
from the survey microphone (designated Ml on fig. 4). Since the Survey and 
fixed microphone data were taken simultaneously, the three background noise 
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points at 30, 61 and 122 m (100, 200 and 400 ft) distan 
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quencies greater than 100 Hz were not identified as to 
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train. Those tone frequencies which are common with th 
likely due to extraneous noise sources at the test site 
mentation. 


There is some evidence of tones at multiples of bl 
quency, at approximately the background level. It was 
noise characteristics of the wind turbine would include 
tones because in typical turbomachinery spectra, blade 
harmonics are very obvious and influential components. 
despite the smaller number of blades and lower speed of 
pared with more conventional turbomachinery, these disc 
would still appear. These tones do appear, but at rela 
Somewhat unexpected is the appearance of an amplitude e 
tones (fig. 11) which is a pattern characteristic of & 
rather than of a sinusoidal disturbance. In this test 
were located downwind of the turbine tower, so a likely 
iodic impulse noise is the interference of the tower wa 
This source identification seems likely for the followi 
period of this disturbance may be estimated as the inve 
of the tone envelope (10 Hz). Therefore, the period of 
interferes with the blades would be approximately 0.1 s 
test series (for which the wind turbine speed was 40 rp 
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point of 70% of the blade span, this 0.1 second period corresponds to the 
time required for a blade to pass through a wake as wide as the tower.  Con- 
sequently, it is likely that the source of the low frequency tones is the 
interference of the support tower wake with the blades. 


The low-frequency spectrum levels are nearly the same at each measure- 
ment point. One possible reason for this is the fact that the microphone 
locations are in the acoustic near field. Another possibility is that the 
blade passage frequency interaction tone may be so low in amplitude that the 
background noise predominates. Figure 11 presents spectral data from 1-20 
Hz for wind turbine sound at 30 m (100 ft) and 122 m (400 ft) and also the 
background level. A 0.03 Hz bandwidth was used to better resolve the tones, 
and the curves were offset by 10 db to avoid confusion. Apparently, while 
the tones decrease an average of 9-10 db between the two locations, the 
broadband level is independent of location. The broadband level is essen- 
tially the background level. A further comment can be made about the levels 
in this frequency range. These low frequencies are outside the audio range, 
but pressures at these frequencies may be sensed if the levels are high 
enough. The threshold of human annoyance, or even psychological damage is 
not well defined, but one reported threshold of annoyance to infrasound is a 
sound pressure level of 120 db at frequencies less than 5 Hz, decreasing to 
90 db at 20 Hz (ref. 3). These particular levels were not exceeded or even 
approached during the reported wind turbine testing. 


Second Test Series 


The second test series explored the effects of speed on the wind tur- 
bine sound level and surveyed the sound field as a function of angle. These 
measurements of wind turbine noise were made on a 61 m (200 ft) radius at 26 
and 33 rpm, using the configuration shown in figure 2, with microphones lo- 
cated as shown in figure 5. The results, as displayed in figure 12 as in- 
dividual microphone location spectra, are generally higher in amplitude than 
the data from the first series. Several differences exist between the two 
test series; among them are blade shape, turbine power level and wind 
speed. The specific reason for the data difference is not known, and no 
further comparison with the radial survey data will be made. 


The wind turbine noise level differences between operation at 26 rpm 
and 33 rpm are mainly at the upwind angles, 09 - 409. These differ- 
ences, shown for 0? though 1809 in 209 increments, increase with fre- 
quency, independent of angle. This difference as a function of frequency is 
seen more clearly in figure 13, which presents estimates of the wind turbine 
sound power levels at 61m for the two speeds. These data, like the sound 
pressure level data, are presented on a log frequency scale with a frequency 
bandwidth of 1 Hz. The difference in estimated wind turbine sound power 
between opration at 26 rpm and 33 rpm increased from about 3 db at l Hz to 
16 db at 1000 Hz. A prediction of the amount of the increase, based on a 
6th power dependency of noise level on speed, would be 6 db. If the differ- 
ences in power level of figure 13 are integrated over the frequency range, 
the mean difference between total power levels is slightly over 5 db -- fair 
agreement with a 6th power relationship. 
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To some extent, the power level data at frequencies less than about 100 
Hz are only estimates. The true power level should be independent of dis- 
tance from the wind turbine. Since these low frequency pressures do not 
decrease with the square of distance (fig. 10), the computed power levels 
will be a function of distance. The power level values presented here are 
determined from the measurements at 61 m (200 ft). 


In addition to the exploration of noise trends with speed, the vari- 
ation of wind turbine sound pressure level with angle was explored. To do 
this, the spectrel data of figure 12 were plotted against angle in figures 
14 and 15 for 26 and 33 rpm, respectively. Results are shown for 2, 10, 
100, 200 and 500 Hz. The 2 and 10 Hz frequency levels show high amplitudes 
with nearly omnidirectional! characteristics except for a 5 - 10 db lobe in 
the downwind quadrant. The 2 and 10 Hz data are probably near-field data, 
while the pressures at higher frequencies have the more lobular far-field 
propagation characteristics. The 100 and 200 Hz levels show directivity 
peaks in both upwind and downwind quadrants. The 500 Hz pressure has the 
more pronounced lobes characteristic of high frequencies. The 33 rpm data, 
figure 15, show characteristics si ilar to those of the 26 rpm data. 


CONCLUDING REMARKS 


Evaluation of the results of this exploratory survey yields an appreci- 
ation of the basically low-frequency nature of wind turbine noise. Acoustic 
levels for this wind turbine are relatively low and at moderate distances - 
150 to 180 m (500 - 600 ft) comparable in level to the background wind 
noise. Infrasonic levels are dominated by background noise although some 
periodic tones exist. 
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TABLE I - MICROPHONE RESPONSE CORRECTIONS 
(LOW FREQUE NCY) 





2.5 cm Diameter Microphone 
Ml Correction 


1.2 cm Diameter Microphone 


Frequency M2 Correction 
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Figure 2. - View of wind turbine with part-span blades. 


Figure 1. - View of wind turbine with full-span blades. 
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Figure 3, - Wind turbine operating parameters during noise measurements (first test series). 


€ MICROPHONE WIND 
POSITIONS * PLUM BROOK 
3 


΄ / 
F 


100 kw 


WIND 
RESERVOIR w. TURBINE 














METEORLOGICAL 
TOWER 








MAINTENANCE AREA ROAD 














CS-73782 


Figure 4, - Plan view of wind turbine site showing microphone locations for first test series. 
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Figure 5. - Plan view of wind turbine site showing microphone locations for second test series, 
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Figure 6. - Tape recorder noise spectrum. 
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Figure 7. - A-weighted sound levels measured 


by reference microphone at 200 feet (micro- 
phone M2, first series, 30 sec average). 





